Heatstroke is a heat-related illness associated with the high body temperature, which has a high risk of health leading to death. A large number of heatstroke related deaths have been reported throughout the world; in particular, the heat waves at Chicago in 1995[@b1] and France in 2003[@b2] drew much attention of the media and society. Most of the casualties are elderly people who are extremely vulnerable to high temperature condition. To prevent those people from the heatstroke related deaths, it is important to examine the link of the climate to the heatstroke related deaths and provide a useful indicator for the heatstroke.

In Japan, the heatstroke during boreal summer has also become a serious social issue in recent years. Many studies on the heatstroke related death examined the relation with region, gender, and age, and reported a year-to-year increase in the death toll[@b3][@b4]. Also, other external factors such as indoor/outdoor environment, patient health condition, housing types, socio-economic levels, and air pollution were widely discussed[@b5][@b6]. Since 1994, the death toll has dramatically increased, and several factors such as aging population and cataloging in the diagnosis were also suggested to contribute to this rise[@b7]. In particular, Kanto region suffers the highest death toll by heatstroke ([Fig. 1](#f1){ref-type="fig"}). The death toll by heatstroke is expected to increase in the future if the surface air temperature continues to rise as a result of the global warming[@b8].

As one of the heatstroke indicators, the Wet Bulb Globe Temperature (WBGT[@b9]) index has been widely used in many countries. The WBGT index is calculated by weighting the dry-bulb temperature, wet-bulb temperature, and black-globe temperature. A previous study[@b7] reported usefulness of this index by noting that the occurrence of heatstroke in Japan is more strongly related with the daily maximum WBGT index than the daily maximum temperature. However, the weights of these temperature parameters in calculation of the WBGT index are empirically determined and lack physical reasoning[@b10]. Also, it is inconvenient to measure the black-globe temperature in many circumstances. For the practical use, it is required to establish a simpler indicator for the heatstroke.

Furthermore, a large number of studies on the death toll by heatstroke have focused on the long-term trend[@b4], but have not paid much attention to the year-to-year variability. In fact, some of the extreme cases are reported in individual years. The death toll was extremely high in 1994, 2007 and 2010, but was very low in 1998 and 2003, showing a large interannual variability above the linear trend ([Fig. 1](#f1){ref-type="fig"}). Also, extremely hot summers in those years are found to be associated with the La Nina phenomenon in the tropical Pacific and the positive Indian Ocean Dipole (IOD[@b11]) in the tropical Indian Ocean[@b12]. In spite of that understanding of tropical climate teleconnection, few studies have actually examined the relationship between the tropical climate variability and the death toll by heatstroke.

Therefore, this study aims to establish simpler indicator for the heatstroke than the WBGT index and reveal a possible link between the death toll by heatstroke in Kanto region and the tropical climate variability by using observational data. This paper is organized as follows. The data and analysis methods are described in Section 2. In Section 3, the relative contribution from the surface air temperature and humidity to the WBGT index variability is investigated, and its possible link with the tropical climate variability is examined. The results obtained are summarized and further discussed in Section 4.

Possible factors for the death toll by heatstroke
=================================================

Interannual variability
-----------------------

[Figure 1](#f1){ref-type="fig"} shows time series of the death toll by heatstroke and the WBGT index estimated from the surface air temperature averaged in Kanto region during boreal summer. Similarly as in the case of the death toll, the WBGT index shows an increasing trend from 1980 to 2010. In particular, the years exceeding the WBGT index of 25°C, which is considered to be a borderline of the heatstroke warning[@b7], undergoes a large interannual variability in addition to the remarkable increase in the number of death toll since 1994. For example, the WBGT index in 2010 is highest at 27°C and the death toll hit record high, whereas, in 2002, the WBGT index is remarkably low at 23°C with few death toll. To examine the relation between the death toll by heatstroke and the WBGT index, correlation coefficient between the death toll and WBGT index anomalies was calculated ([Table 1](#t1){ref-type="table"}). The correlation coefficient between them is statistically significant and moderately high at 0.46. The other heat stress index[@b13] was also correlated with the death toll. But the correlation coefficient (0.35) was lower than that of the WBGT index.

To identify possible causes of the interannual variability in the WBGT index, we examined the link with the surface air temperature and humidity averaged in Kanto region during boreal summer of 1980--2010 ([Fig. 2a](#f2){ref-type="fig"}). Throughout the period, the air temperature shows large interannual variability in addition to the general increasing trend. The correlation coefficient between the WBGT index and the air temperature anomalies is remarkably high at 0.9 ([Table 1](#t1){ref-type="table"}). The humidity also shows a decreasing trend over the study period. However, most importantly, it has also undergone a large internannual variation ([Figs. 2a, b](#f2){ref-type="fig"}). The correlation coefficient between the WBGT index and the humidity anomalies is significant but moderately high at −0.47. The marked difference in the correlation coefficients suggests that the air temperature variability plays more important role in the interannual variability of the WBGT index than the humidity variability.

It is reported that the heatstroke related deaths tend to get triggered when the daily maximum temperature reaches 25°C, and the death toll dramatically increases when the temperature exceeds 31 or 32°C[@b7]. This provides a further implication for a possible link between the daily maximum/minimum temperatures and the death toll by heatstroke. However, the correlation coefficient between the death toll and the daily maximum air temperature anomalies was low at 0.3, whereas that with the daily minimum air temperature was at 0.3 (Table not shown). This apparent weak correlation suggests that other than the daily maximum or minimum air temperatures, there may exist other factors affecting the heatstroke related deaths.

These results motivate us to further investigate the relation with the number of "extremely hot days" with the daily maximum temperature exceeding 35°C and the number of "high temperature days" with the daily minimum temperature exceeding 25°C. Both the number of the extremely hot days and the high temperature days are large in 1994 and 2010, whereas, in 2003, these are very small, indicating large interannual variability ([Figs. 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). Throughout the analysis period, the correlation coefficient between the death toll and the number of extremely hot days is remarkably high at 0.76 ([Table 2](#t2){ref-type="table"}). This is higher than the correlation between the death toll and the conventional WBGT index, indicating that the number of extremely hot days may be a better indicator for the heatstroke related deaths. In contrast, the correlation coefficient between the death toll and the number of high temperature days is relatively small at 0.49. These analyses suggest that the death toll is highly related to the number of extremely hot days rather than that of high temperature alone.

Finally, a possible link with the tropical climate variability such as the ENSO and the IOD is examined to find causes of the interannual variability in the number of extremely hot days. [Figure 5](#f5){ref-type="fig"} shows time series of the IOD and NINO 3.4 indices during boreal summer (July--August) of 1980--2010. 3 out of 6 positive IOD events (in 1983, 1987, 1994) show more number of the extremely hot days, whereas, 1 out of 4 La Niña events (in 2010) shows an excess number of the extremely hot days. This suggests that the excess number of extremely hot days tends to be more frequently associated with the positive IOD than ENSO, though this relation is not so apparent in the correlation coefficient for the whole period such that it is low at 0.17 for the IOD index and −0.09 for NINO 3.4 index ([Table 2](#t2){ref-type="table"}). Since the IOD starts to develop from the boreal summer, the IOD is more likely to have influence on the summertime air temperature in Kanto region.

Decadal shift in 1994
---------------------

Compared to the period before 1994, the death toll by heatstroke dramatically increases after 1994 ([Fig. 1](#f1){ref-type="fig"}), indicating occurrence of decadal shift. However, the correlation coefficient between the death toll and the WBGT index shows no marked difference before and after 1994 ([Table 1](#t1){ref-type="table"}). This suggests another possible factor responsible for the stronger coupling between climate variations and extremely hot days, and hence this dramatic increase in the death toll. Interestingly, the correlation between the death toll and the number of extremely hot days becomes stronger since 1994. The correlation coefficient before 1994 is moderately high at 0.54, whereas it becomes remarkably high at 0.79 after 1994. Also, the years when both the death toll and the number of extremely hot days increase were 6 years in 1994, 1995, 2001, 2004, 2007, and 2010. On the other hand, before 1994, they were just 3 years in 1984, 1987, and 1990. The increase in the number of coincident years may be responsible for the higher correlation after 1994. These results suggest that since 1994, the number of extremely hot days more strongly affects the death toll than the WBGT index and contributes to the increase in the death toll by heatstroke.

Summary and Discussion
======================

By using the observational data during boreal summer of 1980--2010, we investigated interannual variability of the death toll by heatstroke in Kanto region and its possible link with the tropical climate variability. The results show that over the analysis period, the death toll by heatstroke is highly correlated with the number of extremely hot days in which the daily maximum temperature exceeds 35°C. The high correlation is retained to a great extent by even excluding the highest death toll in 2010 from the analysis (Table not shown). Also, the correlation coefficient with the number of the extremely hot days is much higher (0.76) than that with the conventional heatstroke indicator, the WBGT index (0.46). Furthermore, the excess number of extremely hot days is found to be more frequently associated with the IOD than the ENSO. As such, the death toll by heatstroke may have a link with the tropical climate variability via the number of extremely hot days.

Another interesting finding in this study is that the death toll shows a decadal shift in 1994, when the death toll increases dramatically. Although the conventionally used WBGT index does not show any significant shift in the correlation with the death toll, the number of extremely hot days shows higher correlation with the death toll after 1994.

One may argue that the heatstroke related death could occur even at lower temperatures if the event lasts over a number of days rather than a short extremely hot event. To examine this possibility, we have estimated the number of consecutive days over 30°C and found that the correlation coefficient with the death toll over the analysis period is 0.53. This is not as high as the case for the extremely high temperature days ([Table 2](#t2){ref-type="table"}). Therefore, the number of extremely hot days has more effect on the death toll than a longer spell of relatively less hot days.

The results obtained in this study suggest that the extremely hot days may be a better indicator for the heatstroke than the conventional WBGT index. Also, the tropical climate variability such as the IOD and ENSO may have a link with the extremely hot days in Kanto region through the atmospheric teleconnection[@b12]. In the future warming climate, even a small temperature perturbation related to the tropical climate variability may lead to occurrence of the extremely hot days. Therefore, it is urgent to provide accurate predictions of the extremely hot days to the local society. For this warning system, we need to accurately predict the local air temperature in Kanto region by using a regional model based on the forecasts of a coupled general circulation model, which realistically simulates the tropical climate variability.

Methods
=======

Data
----

We use the observed surface air temperature and humidity data from the AMeDAS full data set Ver. 3 provided by the Japan Meteorological Business Support Center (<http://www.jmbsc.or.jp>). Daily averaged data at 78 points in Tokyo and 6 other prefectures in Kanto region, excluding Izu and Ogasawara islands, are analyzed. The analysis period is boreal summer (July--August) of 1980--2010. Also, we use the monthly Sea Surface Temperature (SST) data from the HadISST[@b14] provided by the UK Met Office Hadley Center. The horizontal resolution of the SST data is 1° × 1°, and the analysis period is the same as the meteorological data. In order to examine a possible link with the tropical climate variability such as El Niño/Southern Oscillation (ENSO), we calculated NINO3.4 index defined as the averaged SST in the tropical Pacific (120°W--170°W, 5°S--5°N). Similarly, for the IOD, we calculated the IOD index defined as the SST difference between the western and the eastern tropical Indian Oceans (50°E--70°E, 10°S--10°N and 90°E--110°E, 10°S--0°)[@b11].

Furthermore, we use the WBGT index for the reference of heatstroke indicator. The WBGT index in Kanto region was estimated from the averaged surface air temperature and humidity, by using the WBGT index table provided by Japanese Society of Biometeorology (<http://www.med.shimane-u.ac.jp/assoc-jpnbiomet>). For comparison with the WBGT index, we used other heat stress index[@b13], which is calculated by using air temperature and water vapor pressure. Also, the death toll by heatstroke in Kanto region is based on Population Dynamics of Statistics provided by the Ministry of Health, Labor and Welfare (see Acknowledgement). It should be noted that due to the limitation of the available data, the supplementary Population Dynamics data was only used before 2002. For calculation of the liner trend, we applied the least squared method, and the anomaly was calculated after excluding the liner trend and monthly climatology. Simple correlation analysis was conducted among different variables such as the WBGT index, air temperature, and humidity to understand the climate role in number of deaths by heatstroke.
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![Time series of the death toll by heatstroke (bar, in persons) and the WBGT index (solid line, in °C) during boreal summer (July--August) of 1980--2010.](srep05655-f1){#f1}

![(a) Time series of the surface air temperature (red line, in °C) and the humidity (blue line, in %) averaged in Kanto region during boreal summer (July--August) of 1980--2010. (b) Same as in (a), but for the anomalies.](srep05655-f2){#f2}

![Time series of the number of extremely hot days (bar, in days) and its anomaly (solid line, in days) averaged in the Kanto region during boreal summer (July--August) of 1980--2010.](srep05655-f3){#f3}

![Same as in [Fig. 3](#f3){ref-type="fig"}, but for the number of high temperature days (bar, in days) and its anomaly (solid line, in days).](srep05655-f4){#f4}

![(a) Time series of the NINO3.4 index (solid line, in °C) during boreal summer (July--August) of 1980--2010. The broken line indicates the standard deviation. (b) Same as in (a), but for the IOD index (solid line, in °C).](srep05655-f5){#f5}

###### Correlation coefficients among the death toll by heatstroke, the WBGT index, the surface air temperature, and the humidity averaged in Kanto region during boreal summer (July--August) of 1980--2010. The correlation coefficients before and after 1994 are shown, respectively. The asterisk indicates the significant coefficient exceeding the 90% confidence level by a two-tailed t-test

                              Before 1994   After 1994    Total
  ------------ ------------- ------------- ------------ ---------
  Death toll       WBGT         0.50\*        0.52\*     0.46\*
  WBGT          Temperature     0.88\*        0.93\*     0.90\*
  WBGT           Humidity       −0.76\*      −0.32\*     −0.47\*

###### Same as in [Table 1](#t1){ref-type="table"}, but for the extremely hot days and the high temperature days averaged in Kanto region, and the IOD and NINO3.4 indices during boreal summer (July--August) of 1980--2010

                                        Before 1994   After 1994   Total
  ------------ ----------------------- ------------- ------------ --------
  Death toll     Extremely hot days       0.54\*        0.79\*     0.76\*
  Death toll    High temperature days     0.52\*        0.54\*     0.49\*
  IOD            Extremely hot days        0.20          0.17       0.17
  NINO 3.4       Extremely hot days        0.30         −0.21      −0.09
